Five breast cancer subtypes have been described in sporadic breast cancer (SBC) using expression arrays: basal-like, ERBB2, normal breast-like, luminal A and B. These molecular subtypes show different genomic aberration patterns (GAPs). Recently, our group described these breast cancer subtypes in 50 non-BRCA1/2 familial tumors using immunohistochemistry assays. We extended this study to the other classes of familial breast cancer (FBC), including 62 tumors (18 BRCA1, 16 BRCA2 and 28 non-BRCA1/2), with the same panel of 25 immunohistochemical (IHC) markers and histological grade obtaining a similar classification. We combined these data with results generated by a 1 Mb BAC array-based CGH study to evaluate the genomic aberrations of each group. We found that BRCA1-related tumors are preferentially basal-like, whereas non-BRCA1/2 familial tumors are mainly luminal A subtype. We described distinct GAPs related to each IHC subtype. Basal tumors had a greater number of gains/losses, while luminal B tumors had more high-level DNA amplifications. Our data are similar to those obtained in SBC studies, highlighting the existence of distinct genetic pathways of tumor evolution, common to both SBC and FBC.
Introduction
Human breast cancer is a heterogeneous disease encompassing different pathological entities and a range of clinical behavior. Studies in sporadic breast cancer (SBC) based on expression profiling reflect this heterogeneity (Perou et al., 2000; Sorlie et al., 2001 Sorlie et al., , 2003 Sotiriou et al., 2003) . Five distinct SBC subtypes defined by different expression patterns and clinical outcomes have been reported: luminal A and B, ERBB2, basal-like and normal breast-like (Sorlie et al., 2003) . Recently, two different studies have described distinct spectra of DNA copy number alterations associated with each SBC subtype. A higher number of gains/losses were associated with basal-like tumors, while high-level DNA amplification was more frequent in luminal-B subtype tumors (Bergamaschi et al., 2006; Chin et al., 2006) .
Familial breast cancer (FBC) includes tumors from patients carrying mutations in the two known breast cancer susceptibility genes: BRCA1 (Miki et al., 1994) and BRCA2 (Wooster et al., 1995) . However, most of FBC patients do not carry mutations in these genes, and are known as non-BRCA1/2 or BRCAX cases. BRCA1-associated tumors can be differentiated from BRCA2, BRCAX and SBC based on their immunohistochemical (IHC) profiles (see reviews (Honrado et al., 2005a; Lacroix and Leclercq, 2005) ). Most reports suggest that BRCA1-associated tumors have a basal-like phenotype because they share many expression, IHC and clinical features with basal-like cancers (see reviews (Tischkowitz and Foulkes, 2006; ). On the other hand, BRCA2-associated tumors are only distinguished from BRCAX and SBC by the expression of DNA repair proteins such as RAD51 and CHEK2 (Honrado et al., 2005b) . The association of BRCA2-associated tumors with luminal A subtype has been suggested in a single expression study (Sorlie et al., 2003) . Finally, recent IHC studies have underlined the heterogeneous of the BRCAX tumors, which resembles the one obtained in SBC studies (Oldenburg et al., 2006; Honrado et al., 2007) .
Although the genomic characterization of BRCA1-, BRCA2-and BRCAX-associated tumors has been reported in different studies (Tirkkonen et al., 1997; Alvarez et al., 2005; Jonsson et al., 2005; Melchor et al., in press; van Beers et al., 2005) , the possible correlation between the molecular subtypes of FBC and the genomic aberrations has not been clarified yet. In the present study, we have classified 62 FBC samples by IHC analysis into five subgroups. We have demonstrated a correlation between IHC subtypes and specific Genomic Aberration Patterns (GAPs). Our results are very similar to those obtained previously in SBC, and support that breast cancer arises from several distinct biological mechanisms, which are common to both FBC and SBC.
Results
Data from 62 FBC samples (18 BRCA1-, 16 BRCA2-and 28 BRCAX-associated tumors) previously studied by IHC and aCGH have been correlated to establish their IHC subtypes and the pattern of genomic aberrations.
Unsupervised cluster analysis
We performed an unsupervised hierarchical cluster analysis with 25 IHC markers (Supplementary Table  1 ) and histological grade. The 62 tumor samples were classified into two main groups, associated with their estrogen receptor (ER) status. The ER-negative branch (Figure 1 , left) included 20 tumors of grade 2 and 3 (brown and red squares, respectively), hormonal receptors negativity and overexpression of proteins that promote cell cycle progression and cell proliferation. The ER-positive branch involved 42 tumors mainly of grade 1 (green squares) or 2, hormonal receptors positivity and expression of proteins related to the inhibition of the cyclin-CDK complexes, and luminal epithelial proteins (cytokeratin 8 (CK8)) (Figure 1 , right).
The ER-negative branch can be split into two subgroups: one characterized by ERBB2 overexpression (4 tumors), and a second subgroup (16 tumors) defined by overexpression of basal markers, such as, cytokeratin 5 (CK5), vimentin, survivin and epidermal growth factor receptor (EGFR). The subgroup associated with ERBB2 overexpression was composed exclusively of BRCAX tumors, while the basal-like subgroup included mainly BRCA1-associated tumors (11 of 16 tumors).
Three subgroups were found within the ER-positive branch. One of the subgroups (brown branch in Figure 1 ) contained 16 tumors that are mostly grade 1, and overexpress hormonal receptors, CK8, BCL2 and proteins that inhibit cell cycle progression (for example, p27 and p16). Of note, most of these tumors were BRCAX samples (13 of 16). A total of 17 tumors composed the second subgroup (purple branch in Figure 1 ). These samples were characterized by a higher grade than the previous group, low or lack of expression of hormonal receptors as compared with the other groups and overexpression of other proteins such as cyclin A (related to the cell cycle progression) and TOPOII (related to cell growth). A mixture of the three FBC groups was found in this subgroup (Figure 1 ). We termed these two subgroups as luminal A and B, respectively, according to the parameters (such as grade and differential expression of TOPOII) that have been used previously to discriminate between them (Sorlie et al., 2001; Sotiriou et al., 2003) . Finally, a group of nine tumors were described (Figure 1 , green branch), which had luminal features (positive for hormonal receptors and CK8), high grade and overexpression of CHEK2 and survivin. This group was composed mainly of BRCA2-associated tumors (5 of 9 samples). We called this group as 'unclassified' tumors, since the features did not match with those previously established for 'normal breast-like' or the other tumor groups.
A summary of the FBC distribution in the different IHC subtypes is shown in Table 1 . Most of BRCA1-associated tumors show a basal-like phenotype, while BRCA2-associated tumors are mainly found in the luminal B or unclassified subtypes. The ERBB2 subtype was composed entirely of BRCAX samples, although most of BRCAX malignancies had a luminal A phenotype. IHC characteristics of the different subtypes and statistical comparisons are shown in Table 2 .
Genomic characterization of each FBC subtype
Classifying the FBC tumors in five subtypes according to the IHC clusters, we collected the array-CGH data of these samples (Melchor et al., in press) , and assessed their copy number of genomic aberrations (CNA). Basal breast tumors had the highest mean of genomic changes (30.75 ± 3.0 CNA), while luminal A tumors had the lowest mean number of CNA (10.87±1.9). Luminal B, ERBB2 and unclassified tumors had 20.00 ± 2.7, 14.75 ± 6.2 and 14.44 ± 3.7 CNA, respectively (Figure 2) . Differences in the amount of CNA were statistically significant (Po0.05, Mann-Whitney U-test) when comparing basal breast tumors with any of the other cancer subtypes.
Next, we plotted the GAPs of each FBC subtype (Figure 3 ). The most recurrent aberrations (frequency over 50%) in luminal A subtype were gains at 1q and 16p, and losses at 11q23 and 16q. Luminal B tumors exhibited as recurrent aberrations (over 50%): À8ptel-p12, þ 8q21-qtel, À11q23.3-qtel, À14q31, þ 16p, À16q, þ 20q13.13-qtel, À22q. Given that the ERBB2 subtype was composed of only four tumors, the GAP was not informative, though all cases had gain at 17q12 (ERBB2 locus). Basal breast tumors clearly presented an unstable GAP with many aberrations with a frequency over 50%, such as, À3p21-p13, þ 3q25.1-q26, À4p, À4q22.1-qtel, À5q, À8ptel-p12, þ 8q22.1-qtel, among others. Finally, unclassified tumors showed an intermediate level of genome instability as compared to luminal A and B tumors. The only two genomic aberrations with a frequency higher than 50% in unclassified tumors were gains at 1q32.2 and 8q21.12-qtel. When we compared the aberration frequencies between the subtypes as determined by IHC, significant differences were only found when compared basal versus non-basal breast tumors ( Supplementary Figure 1) .
High-level DNA amplifications were more frequently found in luminal B, basal-like and ERBB2 tumors than in luminal A cancers (P ¼ 0.021, 0.036 and 0.042, respectively) ( Figure 4a ). Some regions of high-level DNA amplification tend to be subtype specific such as 20q13 in luminal B tumors, 6p22 and 13q34 in basallike, and as expected 17q12 in ERBB2 tumors ( Figure 4b ).
Discussion
We have shown that FBC can be grouped in the different breast cancer subtypes described previously in SBC using IHC (Perou et al., 2000; Sorlie et al., 2001 Sorlie et al., , 2003 Sotiriou et al., 2003) . In addition, we have performed a complete genomic characterization of the subtypes. Differences in the levels of genomic instability, GAPs, and high-level DNA amplification target regions were found associated with FBC subtypes.
Common breast cancer heterogeneity and association of BRCA status with breast cancer subtype We have previously shown the heterogeneity present in BRCAX and SBC tumors using 25 IHC markers and grade (Honrado et al., 2007) . In the current work, we extended the study to the other classes of FBC, including 62 cancers (18 BRCA1-, 16 BRCA2-and 28 BRCAX-associated), and found similar results: five FBC subtypes were established using unsupervised cluster analysis of IHC of multiple proteins and grade ( Figure 1 ). Each FBC subtype was associated with its own characteristic IHC features (Table 2) . These subtypes were similar to those obtained in SBC using expression analysis: basal-like, ERBB2, luminal A and B (Perou et al., 2000; Sorlie et al., 2001 ). Although we were not able to distinguish a normal breast-like subtype, we identified a fifth group with intermediate characteristics between luminal A and B subtypes, which we titled the 'unclassified group'. Given its higher grade and overexpression of proliferation markers (cyclins, Ki-67 and so on), this subtype could be more aggressive than the luminal A subtype and thus, it could be analogous to the luminal C subtype named by Sorlie et al. (2001) or luminal-like 3 described by Sotiriou et al. (2003) . These findings emphasize the existence of different breast tumor subtypes that represent distinct biological entities not only in SBC, but also in FBC. Genomic and IHC subtypes in familial breast cancer L Melchor et al Table 2 Immunohistochemical markers and statistical comparisons between the different IHC subtypes Genomic and IHC subtypes in familial breast cancer L Melchor et al
The proportion of these subtypes in FBC is not the same as in SBC (Sorlie et al., 2001) or BRCAX samples (Oldenburg et al., 2006; Honrado et al., 2007) . In the present study, 26% of FBC had a basal-like IHC phenotype compared to 15% in SBC and BRCAX (Sorlie et al., 2001; Oldenburg et al., 2006) (Table 1) . This difference can be attributable to the presence of BRCA1-associated tumors in our series, which are prone to have a basal phenotype (Sorlie et al., 2003; Tischkowitz and Foulkes, 2006; ). In our sample set, 61% of BRCA1-associated tumors comprised a significant proportion of the basallike IHC phenotype. Nineteen percent of BRCA2-associated tumors, and 7% of BRCAX samples were also found to be basal-like (Table 1 ). All BRCAX cancers were studied previously for hypermethylation of the BRCA1 gene promoter and loss of heterozygosity; interestingly, the BRCAX samples that had basal-like phenotype showed biallelic inactivation of the BRCA1 gene (Honrado et al., 2007) . This model of carcinogenesis in the BRCAX tumors is in agreement with the low level of BRCA1 mRNA expression reported in basal-like cancers (Staff et al., 2003; Wei et al., 2005; . On the other hand, the ERBB2 subtype comprised only of BRCAX tumors (four cases, B14%) (Table 1 ). This finding is in concordance with the low incidence of ERBB2 amplification in BRCA1/2 mutation carriers described before (Grushko et al., 2002; Lakhani et al., 2002; Palacios et al., 2003; Adem et al., 2004) . A significant association was found between most of BRCAX samples (45%) and luminal A phenotype, as seen in previous analyses (Oldenburg et al., 2006; Honrado et al., 2007) . Finally, BRCA2-and non-basal BRCA1-associated tumors were mainly related to the luminal B phenotype (37 and 22%, respectively). BRCA2-associated tumors also comprised an important proportion of the unclassified samples (Table 1) tumors to the luminal A subtype. This discrepancy may be caused by the small sample size given that the authors studied only two samples while we have a larger cohort of 16 BRCA2-associated cancers.
Distinct genomic aberration patterns associated with each FBC subtype Different genomic characteristics have been recently associated with each of the five subtypes of SBC (Bergamaschi et al., 2006; Chin et al., 2006) . We have studied the genomic change features of the five FBC subtypes using array-CGH data from a previous analysis (Melchor et al., in press ). Basal-like tumors showed the highest genomic instability (Figure 2 ), consistent with two previous studies in SBC (Bergamaschi et al., 2006; Chin et al., 2006) . In contrast, luminal A tumors had the lowest number of genomic aberrations. Bergamaschi et al. (2006) found the lowest number in ERBB2 tumors, but the low number of ERBB2 samples in our study (four cases) did not allow us to draw any significant conclusions.
The FBC subtypes defined by IHC exhibited distinct GAP (Figure 3) . Basal-like tumors showed a specific GAP with many altered chromosomal sites such as À3p, þ 3q, À4p, À4q, À5q, À8p, þ 8q and so on. Some of these aberrations (for example, À3p25, À4p, À4q22-q35.1, À5q and so on) were significantly associated with basal-like tumors when compared with non-basal tumors (Supplementary Figure 1) . The close association between basal-like phenotype and BRCA1-associated tumors explains the similarities that are found when comparing the GAP from basal-like tumors and BRCA1-associated tumors (Jonsson et al., 2005) . Luminal A tumors frequently have þ 1q, þ 16p, À11q23 and À16q; luminal B tumors show genomic aberrations of other regions such as À8p, þ 8q, þ 20q and À22q. These subtype-GAPs and the recurrent chromosomal aberrations within each subtype are in agreement with those previously reported in SBC (Supplementary Table 2 ) (Bergamaschi et al., 2006; Chin et al., 2006 ).
Differences in high-level DNA amplifications
High-level DNA amplifications were found more frequently in luminal B tumors than in the other tumor subtypes (Figure 4a ). In addition, the regions targeted for amplification differed slightly between the IHC subtypes ( Figure 4b ). As expected, ERBB2 tumors had a frequent amplification at 17q12 and overexpression of ERBB2. Approximately 20% of the luminal B breast cancer subtype had amplification of regions, such as, 8p11-p12, 8q24, 11q13.3-q13.4, 17q25 and 20q13. Luminal A cancers had few high-level amplifications with the exception of frequent amplification at 11q13 (CCND1 locus), which was also found in luminal B tumors. This finding could explain the CCND1 overexpression present in the luminal tumors (Figure 1) , and it is in concordance with the studies that show a negative correlation between CCND1 amplification and basallike phenotype Elsheikh et al., 2007) . Finally, basal-like tumors have high-level DNA amplification frequently at 8q24, 12p13 and 13q34 Table 2 ).
Amplification of 11q13 appears recurrent in luminal cancers, whereas amplifications of 8p11-12 and 20q13 are more frequently found in the luminal B subtype, and amplification of 17q21 in the ERBB2 subtype. These common amplifications found in both FBC and SBC subtypes could represent targets for therapy, as has already been established with ERBB2 and trastuzumab. A high frequency of amplification at 8q24 (MYC locus) was described in our basal-like FBC, an aberration less common in basal-like SBC (Chin et al., 2006; Rodriguez-Pinilla et al., 2006) . Because Al-Kuraya et al.
reported a greater frequency of MYC amplification in medullary carcinomas, a specific subtype of basal-like tumors that is very frequent in BRCA1-associated cancers (Lakhani et al., 1998) , we checked whether that difference could be due to the presence of medullary carcinomas in our basal-like FBC. However, MYC amplification was present in 3 of 6 medullary FBC and 4 of 10 non-medullary basal-like FBC in our set (data not shown). A larger series of cases will be necessary to confirm or to rule out this association.
Conclusions
Our findings demonstrate that breast cancer can be subdivided into distinct subtypes independently whether the tumors are familial or sporadic. The FBC subtypes differed in terms of tumor histology, IHC portraits and genomic changes patterns (Table 3) . A higher prevalence of basal-like phenotype is present in BRCA1-related tumors, while luminal A phenotype is recurrent in BRCAX-associated cancers. In addition, basal-like malignancies had more gains and losses than the other subtypes, while luminal B cancers showed more highlevel DNA amplifications. These characteristics are similar to those recently described in SBC (Bergamaschi et al., 2006; Chin et al., 2006) . These findings support the existence of distinct genetic pathways of tumor evolution, common to sporadic and FBC, which underlie the pathogenesis of the different breast tumor subtypes and may explain their distinct biological behavior. Furthermore, we would postulate that gene-expression profiling, clinical presentation and response to therapy also differ in the five FBC IHC subtypes, as already reported in SBC subtypes (Perou et al., 2000; Sorlie et al., 2001 Sorlie et al., , 2003 Carey et al., 2006; Hu et al., 2006) . Taking into account these differences, the BC subtypes should be studied as distinct entities to better describe their features, as has been done for basal-like tumors Yehiely et al., 2006; VincentSalomon et al., 2007) . 
Materials and methods

Tumor samples and patients
We compiled 62 paraffin-embedded tumor tissues, which had been analysed previously both by IHC (Palacios et al., 2003 (Palacios et al., , 2005 Honrado et al., 2005b) and aCGH (Melchor et al., in press ). These breast cancer samples were selected from families with at least three women affected with breast and/or ovarian cancer and at least one of them diagnosed before 50 years of age, or from families with female breast and/or ovarian cancer and at least one case of male breast cancer. All cases were studied for mutations and large rearrangements in the BRCA genes using standard procedures (Osorio et al., 2000; Diez et al., 2003) . A total of 18 cases had mutations in the BRCA1 gene, 16 patients presented mutations in the BRCA2 gene and 28 cases were negative for germ-line mutations in the BRCA genes (non-BRCA1/2 or BRCAX).
Morphological evaluation, TMA construction and IHC studies Histological sections from all 62 samples were reviewed by two pathologists (EH and JP). The Nottingham histological grading system was used to assess the grade of invasive ductal carcinomas.
Representative areas of the 62 tumors were carefully selected on H&E-stained sections and marked on individual paraffin blocks. Two tissue cores were obtained from each specimen and included in Tissue Micro-Arrays (TMA), whose characteristics have been previously published (Palacios et al., 2003 (Palacios et al., , 2005 Honrado et al., 2005b) .
Briefly, IHC assays were performed by the Envision method (Dako, Glostrup, Denmark) with a heat-induced antigen retrieval step. Sections from the tissue array were immersed in 10 mM boiling sodium citrate at pH 6.5 for 2 min in a pressure cooker. For the 25 antibodies used in this study, dilutions and suppliers are listed in Supplementary Table 1. Between 150 and 200 cells per core were scored for the percentage of cells with positive nuclei or cytoplasm, depending upon the marker. We evaluated nuclear staining for ER, progesterone receptor, p53, Ki-67, cyclins D1, D3, E and A, p16, p27, p21, Skp2, retinoblastoma protein, E2F6, MDM2, topoisomerase IIa, survivin and CHEK2; evaluation of cytoplasmic staining was carried out for BCL2, vimentin, CK5/6, CK8 and cyclin B1, as described previously (Palacios et al., 2005) . HER-2 expression was evaluated according to the four-category (0 to 3 þ ) Dako system proposed for the evaluation of the HercepTest, and HER-2 expression of 3 þ was the only value considered positive, as published earlier (Palacios et al., 2005) .
Array comparative genomic hybridization analysis Genomic DNA isolation from the 62 formalin-fixed paraffinembedded (FFPE) tumors was performed as previously described (Melchor et al., in press ). Briefly, two 30-mm sections were obtained from FFPE tumors, treated with xylene, incubated in Glycine Tris-EDTA (100 mM glycine, 10 mM Tris, pH 8.0, 1 mM EDTA) and NaSCN (1 M) and finally digested with proteinase K and purified with phenol chloroform. All sections were previously examined and dissected with a scalpel to ensure at least 70% content of tumor cells.
Comparative genomic hybridization was carried out onto the '1 Mb BAC' array platform developed at the University of Pennsylvania (Greshock et al., 2004) . DNA probe labeling, aCGH protocol and array data analysis have been described previously (Melchor et al., in press) . Briefly, in the array data analysis, aCGH normalization was carried using the DNMAD application (Vaquerizas et al., 2004) . The normalized profiles were processed using the Binary Segmentation algorithm implemented in the Insilico CGH software (Vaquerizas et al., 2005) . This algorithm defines genomic segments, which have an estimative copy number value in log 2 ratio (that is, the median log 2 ratio of the contained clones). Those segments with log 2 ratio X0.1 were considered as gains, while those with log 2 ratio p0.1 were categorized as losses. High-level DNA amplifications were considered when log 2 ratio X0.4.
Statistical analysis
Hierarchical unsupervised cluster analysis was performed by means of the UPGMA method using correlation distance and Euclidean distance between markers. The cluster was displayed using SOTAARRAY (Herrero et al., 2001) (software available at http://gepas.bioinfo.cipf.es). IHC results were represented by range of color from green to red, the lowest and the highest percentage of positive cells for each marker, respectively. Exceptions were grade that was scaled as 33% 'expressed' for grade 1 (green), 66% for grade 2 (brown) and 100% for grade 3 (red), and HER-2 that was scaled as 100% for positive (3 þ ) (red) and 0% for negative (green) (Figure 1 ). Fisher's exact test was used to determine the differences in the expression of each marker between groups, except for Ki-67 and grade, which were calculated using w 2 -square test. The statistical software SPSS for Windows (SPSS Inc., Chicago, IL) was used for this analysis.
Regarding the array-CGH data, we used a non-parametric Mann-Whitney U-test to compare the mean number of genomic alterations among the different established groups. The SPSS software was used for these comparisons. For the analysis of differences in the aberration frequency of specific chromosomal regions, we used the Stat POMELO tool (http:// pomelo.bioinfo.cnio.es) (Herrero et al., 2003) , applied Fisher's Abbreviations: FBC, familial breast cancer; IHC, immunohistochemical. The first set of columns represents the distribution of every FBC class among one IHC phenotype. The second set of columns is the level of genomic instability (see Figure 2 for further details), with the recurrent gains and losses (see Figure 3 for further details of the chromosomal regions). The third set of columns shows the level of high-level DNA amplifications with the most recurrent targets (see Figure 4 for further details).
exact test and adjusted P-values for multiple testing using the FDR approach (a P-value o0.05 was considered significant).
Abbreviations aCGH, array-based comparative genomic hybridization; CNA, copy number of genomic aberrations; ER, estrogen receptor; FBC, familial breast cancer; GAP, genomic aberration pattern; IHC, immunohistochemical; SBC, sporadic breast cancer.
